Chapter 8 Low Temperature Synthesized Sn Doped Indium Oxide Nanowires

Preface
The selective, well controlled and directionally grown Sn doped In 2 O 3 nanowires (In 2 O 3 : Sn nanowires, SIO NWs) were synthesized at a low fabrication temperature (~770 o C) through a vapor-liquid-solid (VLS) process under a precise carrier gas flow. The majority of SIO NWs is grown along [222] with [400] and [440] minority forming directions which i mplies a nearly epitaxial crystal structure. There are less physical defects such as line or planar defect and contaminations in the SIO NWs through high resolution transmission electron microscopy (HR-TEM) observations. The spectrum of photoluminescence (PL) emission indicates a stable strong blue light peak located at ~440 nm while the excited wavelength is 275 nm at room temperature. The Sn dopant in the SIO NWs can enhance the conductivity of the nanowires leading to the lowering of the turn-on electric-field to 0.66 V/µm under a current density of up to 1.0 mA/cm 2 based on their field emission characteristics. Furthermore, the field emission enhancement coefficient, β is also increased to 1.48×10 5 which is very close to the carbon nanotubes, (CNTs) level. The SIO NWs fabricated by a VLS process offers a potential application in flat display as demonstrated in this study.
Introducation
Recently, much progress in the synthesis of metal oxide nanowires (especially II-VI semiconductor materials) has been driven by the requirement to explain the novel physical and optical properties of one and two dimensional nanostructures such as nanorods, nanobelts, or nanowires (NWs), and nano films. Furthermore, their potential applications in constructing nanoscale electronic and optoelectronic devices are equally subjected to more attention.
The wide band gap transparent conductor material, indium oxide (In 2 O 3 ;IO)
has a direct band gap of ~3.6 eV and an indirect band gap of ~2.6 eV, which has been studied to be used in the micro electronic fields 283 . However, previous research is mainly focused on the applications of films or patricles [284] [285] . The investigation of nanowires (1D nanostructure) of IO is still quite limited [286] [287] .
The fabrication processes have been reported for the synthesis of IO NWs are thermal evaporation and electro-deposition and oxidation. On the basis of our previous study [288] [289] , vapor-liquid-solid (VLS) process as able to offer improved stability and large area growth of nanowires on Si substrates under easily tunable controlled conditions. In the present, VLS method is employed to synthesize IO NWs and their field emission properties are studied. In order to promote the electronic conductivity and lower the turn-on electric field for field emission (FE) characteristic, the SnO 2 powders were added into the pure IO source powders in the VLS process that would lead to the diffusion of Sn into the IO NWs. The morphology and crystal structure of the Sn doped IO NWs (SIO NWs) are also investigated. 
Experimental
Results and Discussion
The XRD patterns shown in peak appears for 750 o C grown SIO NWs. When the synthesis temperature is 770 o C, the intensity of (222) is the highest among others and the FWHM value of ~0.14 o is the smallest implying that this temperature is more suitable for the growth of SIO NWs with a good cubic crystal structure. At higher growth temperature such as 900 o C or higher, the lattice structure becomes poor which maybe due to the Sn 4+ was vaporized and has taken away from the system through the carrier gas leading the intensity of (222) (222) increased from 770 to 900 o C, which is manifested as less-shifted diffraction angle of (222) Reports 295-296 , the strong PL emission of the IO NWs was located at ~416 nm.
The strongest PL emission peak of the SIO NWs in the present study is located at 440 nm instead of 416 nm (Fig. 6 ) which reveals the optical band gap of ~2.82 eV. As the Sn is doped into IO NWs, the main emitted peak shifts toward the longer wavelength, indicating that the Sn addition would create new separated band gap levels (E g ) of SIO NWs. The difference in energy between these levels is smaller than that in IO NWs, which can result in longer wavelength emission. Such E g lowering can be attributed to the formation of and defect will help the free electrons emission mechanism under the low electric field. This result can be also explained that the more vertical the growth of the tips of the SIO NWs, the better the ability to enhance local electric field.
On the basis of the field emission characteristics of oxide NWs and CNTs displayed in Table 8 .1, the turn-on electric field is effectively decreased by the Sn dopant for those NWs. The turn-on electric field is decreased 4 times and the β value is enhanced 2 orders due to the Sn doped into IO NWs. In the meanwhile, with the same Sn doped level (~2.45 a.t.%), the SIO NWs have lower series resistance than the SZO NWs that would enhance the stability of the emission current. Besides, the SIO NWs have lower synthesized temperatures than the SZO NWs which have better opportunity to easily integrate into the semiconductor technology. As for the comparison between CNTs and oxide NWs, most of oxide NWs have lower turn-on electric field than CNTs, but CNTs have lower synthesized temperatures as listed in Table. 8.1 Where E to is turn-on electric field, J to turn-on current density, β field emission enhancement factor, R s turn-on series resistance, and T growth synthesized temperature.
Summary
In summary, the SIO NWs is successfully fabricated by VLS process while the added Sn dopant that effectively decreases the synthesis temperature from 
